Abstract: Drought is a major constraint of forest productivity and tree growth across diverse habitat types. In this study, we investigated the drought responses of four conifer species growing within two locations of differing elevation and climatic conditions in northern Mexico. Two species were selected at a mesic site (Cupressus lusitanica Mill., Abies durangensis Martínez) and the other two species were sampled at a xeric site (Pinus engelmannii Carr., Pinus cembroides Zucc.). Using a dendrochronological approach, we correlated the radial-growth series of each species and the climatic variables. All study species positively responded to wet-cool conditions during winter and spring. Despite the close proximity of species at a mesic site, A. durangensis had high responsiveness to hydroclimatic variability, but C. lusitanica was not responsive. At the xeric site, P. engelmannii and P. cembroides were very responsive to drought severity, differentiated only by the longer time scale of the response to accumulated drought of P. engelmannii. The responsiveness to hydroclimate and drought of these tree species seems to be modulated by site conditions, or by the functional features of each species that are still little explored. These findings indicate that differentiating between mesic and xeric habitats is a too coarse approach in diverse forests with a high topographic heterogeneity.
Introduction
The hydroclimatic variability experienced by forests has shown differential responsiveness in recent decades as a consequence of global climate change [1] . Among the effects of climate warming, there has been an increase in water deficit, both in intensity and duration [2] . Water deficit has been reported as one of the major triggering factors of forest growth decline, dieback, and tree mortality [3] [4] [5] . Droughts reduce radial growth and alter the hydraulic conductivity of trees [6] [7] [8] , with a negative impact on carbon sequestration [9, 10] and forest productivity [11, 12] . Moreover, given that aridity is expected to intensify in the future in many forested areas, this may have negative and long-term implications on forest productivity [7, 13] .
These effects of drought stress on growth and productivity may differ between forest type and tree species [7] . Some studies have argued that the radial growth of a tree species growing under xeric habitats is more affected by drought than those from mesic habitats [14] . Conversely, other studies have argued that species from xeric habitats are better adapted to withstand drought stress than species from mesic habitats [15] . This last idea implies that species in areas subjected to marked or prolonged seasonal water deficit (xeric habitats) may be less vulnerable to drought stress in terms of radial growth than species of wetter habitats (mesic habitats). Therefore, it is important to assess how different tree species from mesic and xeric habitats respond to drought severity. It is well known that site features including climate or elevation often influence forest productivity, composition, and structure [16] . Therefore, comparing tree growth responses to drought in xeric and mesic habitats could allow for a better understanding of the influence of hydroclimate variability on forest productivity in the face of expected drier conditions over the coming years which could severely affect entire regions.
To investigate the factors responsible for the temporal and spatial response patterns of forests to drought, elevation or precipitation gradients have been used as a surrogate of climate gradients [16, 17] . Along with these gradients, radial growth (usually measured as changes in tree-ring width) varies in response to changes in water deficiency [5, 18] , site conditions [19] , and tree characteristics (e.g., tree size, age, dominance, or vigor) [20, 21] . Stand density [22] , neighborhood composition [23] , and past management history including thinning regimes [24] may also affect trees' responses to drought.
Since northern Mexico has been reported to be susceptible to forest dieback and growth decline due to the increase in temperature and the occurrence of more severe droughts [25] , this area is of great interest in understanding how tree species respond to drought [26] . This region has one of the highest conifer species richness in the world [27] , where they grow in climatically and topographically contrasting environments. The main conifers include a diverse range of species: from Pinus cembroides Zucc., a species representative of low elevation and dry locations, to Cupressus lusitanica Mill., a species dominant in humid sites [27] . Here we compare a xeric habitat where trees grow under marginal environmental conditions (e.g., low precipitation and high evapotranspiration rates) with a mesic habitat characterized by higher productivity and more favorable climate conditions such as higher rainfall and lower evapotranspiration rates [27, 28] .
Often, tree species are replaced along elevation gradients and this shift in forest composition could be reflected in changes of growth and responses to drought. Although previous studies have been conducted in these Mexican mountains to associate climate variability with the radial growth of certain tree species [28] [29] [30] [31] , to date, there has been no analysis containing a multi-species perspective in locations of differing water availability. Several studies agree on the need to improve knowledge of the long-term drought impact at contrasting sites and forest types [11, 32] . This improvement may provide insights into the mechanisms involved in growth response to hydroclimate and in understanding the growth patterns that these species could present under warmer and drier conditions. In this paper, we aim to study the drought growth responses of four conifer species growing in mesic and xeric habitats of differing elevation located in northern Mexico. We hypothesize that species from the mesic habitat will show the lowest responsiveness to drought.
Materials and Methods

Study Area and Sampled Tree Species
This study was conducted in the Sierra Madre Occidental, located to the north of Durango, Mexico (Figure 1a) . The Sierra Madre Occidental is a mountain range formed by a volcanic plateau with an average elevation of 2000 m, but some areas rise to 3000 m. This range extends northwest from the south of the Tropic of Cancer to the west of Durango, ending in southern Arizona. The landscape is characterized by rolling highlands and deep canyons that rise at the edge of the plateaus and extend to the mountain peaks [33] . This area has different types of soil, such as Eutric Regosol and Dystric Cambisol soils. The former is characterized as poorly developed soil, with low organic matter content, and is often shallow; while the latter are young, acidic, and nitrogen-rich soils. Coniferous forests of the region are relatively rich floristically [27] . This region is one of the most important timber reserves in Mexico, supplying more than 25% of the national timber, and it is therefore relevant for sustainable forestry in the country [31] . In addition, these forests are major water sources used to supply agriculture in Sinaloa, Nayarit, and Coahuila [34] . The Sierra Madre Occidental is also an important and valuable source of ecosystem services for local populations [17] , and it is a strategically important region for studies in the conservation and biodiversity of conifer forest ecosystems.
In this study, we selected four species of conifers representative of the study area inhabiting wet and dry sites [27] . Their representativeness in the study area and their importance for conservation and management purposes made them suitable for the objectives of this study. These species were: Abies durangensis Martínez, Cupressus lusitanica Mill., Pinus engelmannii Carr., and Pinus cembroides Zucc. The first two species are found in a humid and protected area (hereafter referred to as mesic habitat) located at 2700 m, while the latter two correspond to an irregular forest situated in a dry region (hereinafter xeric habitat) at 2200 m and managed with the selection system [28] . The mesic habitat has been considered a protected area for 30 years in order to produce environmental benefits and preserve biodiversity, whilst stumps appear in the xeric habitat, thereby confirming anthropogenic impact. This region is one of the most important timber reserves in Mexico, supplying more than 25% of the national timber, and it is therefore relevant for sustainable forestry in the country [31] . In addition, these forests are major water sources used to supply agriculture in Sinaloa, Nayarit, and Coahuila [34] . The Sierra Madre Occidental is also an important and valuable source of ecosystem services for local populations [17] , and it is a strategically important region for studies in the conservation and biodiversity of conifer forest ecosystems.
In this study, we selected four species of conifers representative of the study area inhabiting wet and dry sites [27] . Their representativeness in the study area and their importance for conservation and management purposes made them suitable for the objectives of this study. These species were: Abies durangensis Martínez, Cupressus lusitanica Mill., Pinus engelmannii Carr., and Pinus cembroides Zucc. The first two species are found in a humid and protected area (hereafter referred to as mesic habitat) located at 2700 m, while the latter two correspond to an irregular forest situated in a dry region (hereinafter xeric habitat) at 2200 m and managed with the selection system [28] . The mesic habitat has been considered a protected area for 30 years in order to produce environmental benefits and preserve biodiversity, whilst stumps appear in the xeric habitat, thereby confirming anthropogenic impact. The climatic stations of El Salto (period 1946-2015, xeric habitat) and Otinapa (period 1962-2015, mesic habitat) illustrate the climate differences in the study area ( Figure 1b) . In El Salto, the average annual temperature is 11.5 • C and annual precipitation is 1100 mm, whereas in Otinapa the average annual temperature is 12.6 • C and annual precipitation is 600 mm (Figure 1b ).
Collection of Samples and Development of Growth Chronologies
We selected and sampled 15 dominant individuals of each species, in which at least two radial wood cores were sampled at a height of 1.3 m by using a Pressler increment borer. In addition, tree diameter was measured at 1.3 m (Table 1) . Values are means ± SE. Different letters indicate significant (p < 0.05) differences between species based on Mann-Whitney tests. Abbreviations: AC: first-order autocorrelation; Rbar: mean correlation between trees. #: The best-replicated period was defined based on the number of samples and the coherence among their ring-width series, and it corresponded with the period with Expressed Population Signal (EPS) > 0.85. This EPS threshold is usually considered for defining sufficiently replicated periods in dendrochronology [35] .
Wood samples were air dried, glued in wooden mounts and polished using sandpaper. Next, we detected and synchronized the series of characteristic rings (narrow and wide rings) among cores of the same tree and among tree series of each species. The tree-ring width was measured at 0.01 mm resolution using the LINTAB system (Rinntech, Heidelberg, Germany). Cross-dating was checked using the COFECHA program, which compares the series of each tree with a master chronology by species by calculating correlations [36] .
To generate the chronologies of each species, long-term growth trends not associated with climatic variables were removed using an exponential negative function and obtaining standardized ring-width indexes. Autoregressive models were adjusted to remove most of the first-order temporal autocorrelation and were averaged using biweight robust means to obtain the mean residual series for each species [37] . The chronologies were developed using the library dplR [38] of the R Statistical package [39] .
Relationships between Climate, Drought, and Growth
The influence of the local climate and drought severity on radial growth was evaluated by calculating the Pearson correlation index (r) among the residual growth series of each species, and the following climatic variables: evaporation (Ev), maximum temperature (Tmax) and minimum temperature (Tmin), and precipitation (Pr). These instrumental climatic data were obtained monthly from the two nearest climatic seasons: El Salto (period 1946-2015) and Otinapa (period 1962-2015) [40] . The correlation analysis window was from June of the previous year to September of the growing year, based on previous dendroclimatic analyses in the study area [17, 25] . To estimate drought severity and duration we used the standardized precipitation evapotranspiration index (SPEI) [41] , as this index considers the effects of temperature on evapotranspiration rates on water availability and it quantifies the intensity of drought at different time scales. The SPEI was calculated from local instrumental climatological data using the SPEI library of R [42] . Given that each tree species can show different temporal responses to accumulated water deficit [31] , the SPEI was calculated at time scales from 1-28 months and correlations were calculated between these values and the growth series (residual indices) of each tree species. Finally, to characterize the relationship between growth and climate and drought on a regional scale, we calculated spatial Pearson correlations across Mexico and the southern USA by relating the residual indices to mean maximum temperature and SPEI data. These variables were selected based on previous analyses that aimed to characterize the growth responses to climate or drought across large scales which reflect atmospheric patterns driving regional and continental droughts [43] . In both cases, we used the climate database Climate Research Unit (CRU) version 3.22 which considered 0.5 • gridded data of temperature and SPEI [44] . These correlations were calculated using the Climate Explorer website [45] .
Results
Growth Patterns
Tree-ring widths ranged from 1.04 mm (Pinus cembroides) to 2.17 mm (Pinus engelmannii). For the first-order autocorrelation (AC), the highest values were obtained by species from the mesic habitat (C. lusitanica, 0.70; A. durangensis, 0.72), while species from the xeric habitat had lower values (P. engelmannii, 0.60; P. cembroides, 0.61). The highest correlation between trees was observed in the xeric habitat (P. engelmannii), while the smaller values corresponded to C. lusitanica from the mesic habitat (Table 1) . Growth patterns were synchronized for most species, except for C. lusitanica ( Figure 2 ). Finally, to characterize the relationship between growth and climate and drought on a regional scale, we calculated spatial Pearson correlations across Mexico and the southern USA by relating the residual indices to mean maximum temperature and SPEI data. These variables were selected based on previous analyses that aimed to characterize the growth responses to climate or drought across large scales which reflect atmospheric patterns driving regional and continental droughts [43] . In both cases, we used the climate database Climate Research Unit (CRU) version 3.22 which considered 0.5° gridded data of temperature and SPEI [44] . These correlations were calculated using the Climate Explorer website [45] .
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Tree-ring widths ranged from 1.04 mm (Pinus cembroides) to 2.17 mm (Pinus engelmannii). For the first-order autocorrelation (AC), the highest values were obtained by species from the mesic habitat (C. lusitanica, 0.70; A. durangensis, 0.72), while species from the xeric habitat had lower values (P. engelmannii, 0.60; P. cembroides, 0.61). The highest correlation between trees was observed in the xeric habitat (P. engelmannii), while the smaller values corresponded to C. lusitanica from the mesic habitat (Table 1) . Growth patterns were synchronized for most species, except for C. lusitanica ( Figure 2 ). (Figure 3) .
In the xeric habitat, Pinus engelmannii showed negative correlations with the Ev from August of the previous year to September of the current year (r = −0.31-−0.50), with particularly strong relationships from January-March. We obtained positive and significant correlations (r = 0.30-0.47) for Pr in this same period, and also with Tmin of August of the current year (r = 0.25).
For Pinus cembroides, the variables that positively influenced their growth were Pr (r = 0.25-0.40) from November-March and Tmax (r = 0.30-0.35) during June and July of the growth year. A negative correlation was observed in this species with Ev (r = −0.35-−0.55) for the months of September from the previous year, and November-February and May of the current year (Figure 3) . The growth of the four species showed a positive response to the SPEI calculated at scales of 1-8 months (Figure 4) . Specifically, this correlation was the maximum for A. durangensis from January-July when considering 2-8 month long scales. For the xeric habitat, the drought-growth relationship intensified from two to 10 months from January-July in both pine species. Thus, A. durangensis was the species with the greatest response to drought in the mesic habitat (r = 0.81 in May for an estimated SPEI at a 7-month scale), while species from the xeric site such as P. engelmannii and P. cembroides showed moderate associations (r = 0.50-0.57 in April for SPEI calculated at a 6-month long scale) and C. lusitanica barely responded to drought (r = 0.35 in March for SPEI calculated at a 2-month long scale). In the case of Cupressus lusitanica, this species only had a significant and negative correlation with Tmax (r = −0.25-−0.23) in June, August, and September of the previous year and from January-February of the current year. Positive correlations were observed with Pr (r = 0.20) in July of the previous year (Figure 3 ).
For Pinus cembroides, the variables that positively influenced their growth were Pr (r = 0.25-0.40) from November-March and Tmax (r = 0.30-0.35) during June and July of the growth year. A negative correlation was observed in this species with Ev (r = −0.35-−0.55) for the months of September from the previous year, and November-February and May of the current year (Figure 3) .
The growth of the four species showed a positive response to the SPEI calculated at scales of 1-8 months (Figure 4) . Specifically, this correlation was the maximum for A. durangensis from January-July when considering 2-8 month long scales. For the xeric habitat, the drought-growth relationship intensified from two to 10 months from January-July in both pine species. Thus, A. durangensis was the species with the greatest response to drought in the mesic habitat (r = 0.81 in May for an estimated SPEI at a 7-month scale), while species from the xeric site such as P. engelmannii and P. cembroides showed moderate associations (r = 0.50-0.57 in April for SPEI calculated at a 6-month long scale) and C. lusitanica barely responded to drought (r = 0.35 in March for SPEI calculated at a 2-month long scale). The growth of the four species was negatively associated with mean annual maximum temperature values in Northeastern Mexico (Figure 5a ), and species of the xeric habitat responded to the temperatures of a wider territorial extent. This correlation seems to indicate higher rates of evapotranspiration and higher water deficit as temperature increased, as indicated by the positive correlations detected between the residual growth series and the SPEI drought index (Figure 5b ). The growth of the four species was negatively associated with mean annual maximum temperature values in Northeastern Mexico (Figure 5a ), and species of the xeric habitat responded to the temperatures of a wider territorial extent. This correlation seems to indicate higher rates of evapotranspiration and higher water deficit as temperature increased, as indicated by the positive correlations detected between the residual growth series and the SPEI drought index (Figure 5b ). The growth of the four species was negatively associated with mean annual maximum temperature values in Northeastern Mexico (Figure 5a ), and species of the xeric habitat responded to the temperatures of a wider territorial extent. This correlation seems to indicate higher rates of evapotranspiration and higher water deficit as temperature increased, as indicated by the positive correlations detected between the residual growth series and the SPEI drought index (Figure 5b ). 
Discussion
We found that a fir (Abies) species dominant in mesic habitats (A. durangensis) showed the highest responsiveness to drought and water availability, thus refuting our main hypothesis and highlighting the relevance of dry spells as drivers of forest dynamics in sites where water availability is usually high.
The suitability of the species for dendrochronology was adequate, except for C. lusitanica (Table 1) , which proved to be a complacent species with little responsiveness to hydroclimatic variability. This may be attributed to the humid sites (e.g., creeks) in which it often inhabits [46] . The dominance of C. lusitanica near streams and in the deepest parts of the canyons [46] assured sufficient water for carbohydrate metabolism and growth and explains why this species is not affected by warm (evapotranspirative demand) and dry conditions. As, to our knowledge, these are the first chronologies for C. lusitanica and A. durangensis, it was not possible to compare their dendrochronological parameters with the same species from other sites of Northern Mexico. The dendrochronological statistics obtained for P. engelmannii were similar to those presented by Bickford et al. [26] , but higher than those reported by González-Cásares et al. [31] for the variables AC and Rbar. In the case of P. cembroides, the obtained results were different from those reported by Constante-García et al. [47] at a neighboring site, with higher and better values for the mean correlation between trees, which indicated a high common variance of tree growth patterns (e.g., probably also tree growth responses to climatic variability).
A common feature across all study species was their sensitivity to the winter-spring climate conditions. Studies at neighboring sites on similar species have demonstrated the positive influence of a wet and cool climate during this period on the growth of trees [31, 34] . The conditions experienced by the trees during the previous winter are precursors of soil mixture during the early season of growth in spring, and determine the available water or the amount of reserves (e.g., carbohydrates, nutrients) accumulated at the beginning of the growth period [17, 48] . This influence prior to the beginning of tree-ring formation could become more relevant due to the presence of warmer and drier winters, putting some forests in higher decline risks [25] .
The response of A. durangensis to climate was characterized by its growth being enhanced by cold and rainy winters, which is in accordance with reports for similar Mexican conifer species [30] . High winter evaporation rates, associated with high maximum temperatures, promote moisture deficit by decreasing soil moisture reserves at the beginning of the growing season [49] . However, these results were in contrast with those reported for Silvefr fir (Abies alba) in the Spanish Pyrenees [32] , which is more sensitive to late-summer drought stress. This difference could be attributed to the conditions of the thin, stony soils and high slopes in which A. durangensis grows, which result in a low water retention capacity.
In the case of P. engelmannii, this species benefited from warm and humid conditions in the months preceding the growing season, while drought conditions (higher Ev and Tmax values) decreased wood production. These conditions were expected, as they were previously observed in Mexican tree species of similar characteristics [31] . In addition, this species grew better under higher minimum temperatures in winter, and in response to cool and wet winter-spring conditions (see Figure 3) . Elevated winter moisture can contribute to the formation of carbohydrates for the generation of earlywood during the following growing season and recharge the soil with water reserves before the ring starts to form [32] , while drought conditions constrain growth [26] . As these last authors pointed out, water deficit may accentuate in sites of high slope, with stony and shallow soils (low water retention capacity), or areas exposed to the effects of dry winds that contribute to increased evaporation. P. engelmannii had similar climate-growth relationships to our results at a nearby site [31] . The growth response to SPEI was an indicator that P. engelmannii was sensitive to water deficit but it was less responsive to drought than A. durangensis (Figure 4 ). This lends itself to hypothesizing that P. engelmannii strategies to tolerate drought depend on the availability of water reserves in the soil, which should be checked in subsequent studies (study of root systems, inferences of water-use efficiency using carbon isotopes) [50] . Comparatively, P. cembroides showed greater adaptability to drought (it was the least responsive species at the xeric habitat) which conferred a differentiated phenological response. This tree species could take advantage of its short height and extended root system [51] , despite living in poorer soil sites [48] . Its marked negative growth response to high evaporation rates (Figure 3) placed this species at a high degree of vulnerability to extreme weather events such as heat waves and dry spells.
The results of this study contribute data to better understand the responses of forests in mesic habitats to hydroclimatic variability, in the sense that these usually more humid places are also subject to drought stress [32] . For instance, A. durangensis (Figures 3 and 4) showed high sensitivity to water deficit derived from high temperatures and high evapotranspiration rates, which had previously been observed in other fir species in drought-prone areas from Europe [11] . Our results indicate that dominant species in mesic habitats, such as fir species, respond to water deficit, particularly to atmospheric drought, which is supported by studies based on photosynthesis and water-use efficiency in other fir forests of Mexico [52] and the Mediterranean Basin [53] . Consequently, we expect that water-use efficiency inferred from carbon isotope data would be lower for A. durangensis than in the pine species studied at the xeric habitat. If this drought-sensitive species faces climate conditions which become increasingly hot and dry, the relative increase of water-use efficiency could be greater in this fir species (typical of mesic habitats) than in other tree species from xeric habitats such as P. engelmannii [50] .
Moreover, despite the close proximity between species of the mesic habitat, there were microsite conditions that defined differentiated growth responses, as shown by the low sensitivity to drought of C. lusitanica, an abundant species in moist areas or near watercourses with nutrient-poor soils [54] . According to Pasho et al. [32] , site-specific conditions, characterized by particular topographical features or soil types, contribute to decreasing soil water reserves and consequently alter the sensitivity of tree species and populations to drought.
The species of the xeric habitat showed similar vulnerability to drought, differentiated only by the temporality of the response to accumulated drought ( Figure 4 ). P. engelmannii was slightly affected by longer droughts than P. cembroides, whereas P. cembroides seemed to gain a slight advantage over P. engelmannii, which can be attributed to different root systems [51] . The lower response of P. cembroides to drought suggested that it was more water efficient than P. engelmannii and better adapted to withstand prolonged water deficit. Additional factors such as stand density [22] , neighborhood tree composition [23] , and management history including thinning [23] could also affect our results. Management could partially explain some of the findings observed at the xeric habitat, which is managed with the selection system [28] , whilst thinning seems to not be relevant in the protected mesic habitat.
It was also notable that the responses to temperature and drought at large spatial scales of the two most sensitive species at each site were similar ( Figure 5 ). Geographically, our results suggested similar responses of pine growth to climate over northern Mexico [31] . This indicated that the differentiation in drought response between species occurred locally or between sites along the elevational and climatic gradient. Therefore, species susceptible to drought of mesic habitats such as A. durangensis are useful for reconstructing spatiotemporal hydroclimatic patterns. In this way, the results of the four species showed the absence of a strictly elevational pattern or differentiation in mesic and xeric habitats. The modulation of drought, according to contrasting soil moisture characteristics, seemed to differ from that reported in other studies [32] that showed greater response to drought at xeric habitats than at mesic habitats. Drought appeared to modulate growth depending on the conditions of the microsite, or may be dependent on the functional features of each species-which have yet to be sufficiently explored (growth rate, anatomy, and density of wood, etc.)-which is evident in the comparative responses of the two tree species coexisting at the mesic habitat. That is, that precipitation pattern does not regulate the expected growth in the mesic habitats versus the xeric habitats, but that drought does (Figure 4 ). This is crucial to the more intense and long-lasting droughts in the north of Mexico according to the predicted climatic scenarios, which may be unprecedented when compared to the last six centuries of data [42] .
Further research is required to explore whether other drivers are able to explain drought responses. For instance, the similar response to drought of the two species from the xeric site can be strongly influenced by the phylogenetic relatedness of the conifer species. In addition, extreme climate events as severe drought should be considered a relevant disturbance to understand forest dynamics even in mesic habitats (e.g., [55] ), as our findings with A. durangensis reveal.
This study represents a preliminary attempt at determining the vulnerability threshold of four Mexican conifers to drought. This effort is very relevant given the warmer and more arid climatic scenarios predicted for the study region [43] . However, determining such a threshold requires obtaining multiple and often difficult measures and variables such as: xylem cavitation [56], crown die-back [57], or growth data of healthy and declining trees [58] . Future studies should deal with those measures so as to integrate them in vulnerability thresholds of tree species in response to drought.
Conclusions
The growth responses to drought changed according to the conifer species and the local conditions of the site. In the mesic habitat, we found species with a high responsiveness to drought such as A. durangensis, whilst C. lusitanica did not respond to hydroclimate variability. In the xeric habitat, P. engelmannii was slightly more sensitive than P. cembroides. Multi-specific studies encompassing climatic and environmental gradients represent a first step towards defining vulnerability thresholds of tree species in the face of more frequent severe droughts.
